Abstract. EGF-like module containing mucin-like hormone receptor 2 (EMR2) is a leukocyte-restricted adhesion G protein-coupled receptor. Aberrant expression of EMR2 and its highly homologous molecule CD97 have been reported in various human cancers. Herein, we investigate the expression of EMR2 in neoplastic breast human tissue and its relationship with patient survival. EMR2 expression in normal and neoplastic breast tissue was assessed by immunohistochemistry in sections from 10 normal controls and microarrayed tissue cores from 69 cases of ductal carcinoma in situ (DCIS) and 272 invasive carcinomas. The pattern and intensity of staining was correlated with the clinicopathological characteristics of each case and the disease outcome. While absent in normal breast epithelium, EMR2 was significantly up-regulated in the cytoplasmic and nuclear compartments of both DCIS and invasive carcinoma, with invasive samples displaying significantly higher expression levels compared with in situ disease. In invasive disease, EMR2 cytoplasmic expression was significantly associated with higher tumour grade but not with patient age, nodal status, tumour size, estrogen receptor expression, relapse-free or overall survival. In contrast, EMR2 nuclear expression correlated negatively with higher tumour grade. Of note, EMR2 nuclear expression was associated with longer relapse-free survival as well as overall survival. This study indicates that EMR2 is expressed in neoplastic breast epithelium and suggests that expression patterns of EMR2 are relevant in breast cancer progression. The association of improved patient survival with higher nuclear expression levels identifies EMR2 as a potential biomarker in patients with invasive breast cancer.
Introduction
Adhesion class G protein-coupled receptors (GPCRs) are transmembrane molecules characterized by an unusually large N-terminal extracellular region. This extracellular region is linked to a class B GPCR-related seven transmembrane (TM7) moiety via a mucin-like stalk, resulting in a naturally occurring chimeric molecule (1) . The extracellular domains (ECD) of these adhesion-GPCRs usually contain a diverse array of protein modules, such as lectin-like, immunoglobulinlike and epidermal growth factor (EGF)-like motifs, which are known to mediate protein-protein interactions (1) . Current data suggest that these domains are involved in cellular adhesion, which causes/potentiates signaling via the TM7 region, resulting in cellular activation or migration (1) . The EGF-TM7 receptors belong to a subfamily of adhesion-GPCRs expressed predominantly on leukocytes and are known to be responsible for a number of immune functions including host defense (2) , immune tolerance (3), neutrophil migration and activation (4) and modulation of T cell activation (5) .
Aside from these immune roles, the EGF-TM7 family members have been implicated in a number of non-immune functions such as angiogenesis and carcinogenesis (6) . The expression of CD97, a predominantly leukocyte-restricted EGF-TM7 protein (7) , has been reported on cancer cells in a number of human malignancies such as thyroid, colonic, pancreatic, gastric and oesophageal carcinoma (8) (9) (10) , where it is thought to play a role in growth, migration and metastasis of tumour cells (11) . Furthermore, CD97 overexpression in colonic adenocarcinoma is not only associated with enhanced migration and invasive capacity of malignant cells, but also with advanced clinical stage (12) , suggesting that expression of CD97, at least in colonic adenocarcinoma, has a direct functional effect during disease progression. CD97 has marked sequence homology to another EGF-TM7 receptor, EGF-like module containing mucin-like hormone receptor 2 (EMR2) (13) . Although EMR2 is considered more leukocyte-restricted than CD97, it has been identified at low levels in colonic adenocarcinoma, but not in gastric, pancreatic or oesophageal carcinoma (9) .
Additionally, specific isoforms of EMR2 and CD97 share a common extracellular ligand, namely chondroitin sulphate glycosaminoglycan, which is thought to mediate cell-cell and cell-matrix attachment (14) and may have some relevance in carcinomas rich in cell-surface or extracellular chondroitin sulphate. During the characterization of the EMR2-chondroitin sulphate interaction (15), we noticed that the breast carcinoma cell line SK-BR3 not only expressed EMR2-ligand, but also EMR2 protein. In view of this finding, we chose to further investigate the expression of EMR2 in human breast cancer. We show that EMR2 is expressed by a number of breast cancer cell lines, is not or weakly expressed by normal breast epithelium, and is up-regulated in ductal carcinoma in situ (DCIS) and invasive breast carcinoma. We correlate immuno-histochemical staining patterns with the clinicopathological information and outcome.
Materials and methods
Breast cancer cell culture. The breast cancer lines MCF-7, T7D4, MB468, SK-BR3 and MB231 were obtained from the Nuffield Department of Laboratory Medicine, Oxford University. All cell lines were grown in DMEM (Gibco) containing 10% FCS supplemented with 2 mM L-glutamine, in a humidified incubator with 5% CO 2 at 37˚C. All cell lines were originated from malignant pleural effusions in women with metastatic breast cancer.
RNA isolation and RT-PCR.
Total RNA was isolated from the breast cancer cell lines using the Rneasy kit (Qiagen, UK). Total RNA isolated from cells was first treated with DNase to remove any contaminating genomic DNA, ethanol precipitated and reverse-transcribed using Clontech Advantage RT-PCR kit (Clontech). PCR was performed on the cDNA using a sense primer in exon 10 of EMR2 (5'-CGATTCT TCGACAAAGTCCAGGACC-3') and an antisense primer (5'-TGGGTCACCAGATTTCTGTGCCTG-3') in exon 12. As a positive control, a housekeeping gene G6PDH was amplified using the primers (5'-ATGGGGAAGGTGAA GGTCG-3' and 5'-GGGGTCATTGATGGCAACAATA-3') to give a product of ~100 bp. As a negative control, total RNA without reverse transcriptase treatment was used to exclude the presence of genomic DNA contamination. Follow-up was performed every 3 months for the first 18 months and then every 18 months, and clinical parameters, relapse-free survival, and overall survival were recorded from the date of surgery. In patients <50 years of age, adjuvant cyclophosphamide, methotrexate, and 5-fluorouracil (CMF) were administered if tumours were node-positive, or ERnegative and/or >3 cm in the greatest dimension. Patients >50 years with estrogen receptor (ER)-negative, node-positive tumours also received CMF. Tamoxifen was given for 5 years to patients with ER-positive tumours. The median follow-up was 11.6 years (range: 0.02-17.5 years), in which there were 121 relapses and 101 deaths for invasive, 19 relapse and 2 deaths for DCIS. All patients considered in this study gave their written informed consent.
Tissues. A pilot study using whole sections from 10 normal tissue samples, 10 pure DCIS, and 10 pure invasive tumours were examined to determine the pattern and variation of EMR2 expression. To investigate the relationship between the localization and intensity of EMR2 expression with various clinicopathological factors, tissue microarrays from 69 pure in situ carcinomas and 272 invasive carcinomas, as previously described (16) were examined. Sections (5 μm) were cut from paraffin-embedded tissues, placed on polylysine-coated slides, and used for immunohistochemical analysis. Intrinsic tumour subsets of luminal, basal, HER2 and null were defined using the criteria of Nielsen et al (17) . This study was approved by the Oxfordshire Clinical Research Ethics Committee (CO02.216).
Immunohistochemistry. No antigen retrieval was performed. Sections were first placed in a 60˚C oven for 20 min prior to dewaxing in Citroclear twice for 5 min and rehydration through graded alcohols. Endogenous peroxidase was quenched with the Dako peroxidase block (Dako, UK) applied for 5 min and then rinsed with Tris buffered saline (TBS) solution. Incubation with 10% horse serum in TBS for 30 min was then performed to block non-specific binding of the antibody. The primary 2A1 antibody (18) (Clone 2A1, Serotec, UK) that recognises an epitope approximately 200 amino acid residues from the TM7 region of EMR2 (Fig. 1A ) was applied to the sections at a concentration of 10 μg/ml in 10% horse serum and incubated for 90 min at room temperature (RT) before being rinsed again in TBS solution. The secondary rabbit anti-mouse peroxidase labeled polymer from the Envision HRP kit (Dako), was applied for 30 min at RT. After a further wash, the colour was developed by 5 min incubation with 3,3-diaminobenzidine solution (Dako). Sections were counterstained with haematoxylin and mounted in Aquamount (BDH-Laboratory Supplies, UK).
Immunohistochemical evaluation. Positive controls were infiltrating tumour-associated macrophages (TAMs) and an isotype IgG1 control antibody (Clone D1.3, in-house hybridoma) was used as a negative control. The tumours were scored by two observers using a conference light microscope There are several different membrane-anchored and soluble isoforms due to alternative splicing. The monoclonal antibody 2A1 recognizes an epitope ~200 residues from the 7TM region. (B) Breast cancer cell lines evaluated by FACS analysis showed surface EMR2 expression by mAb 2A1, followed by an anti-mouse PE conjugated secondary Ab. The filled regions correspond to the isotype matched Ab control. The histogram plots are representative of three separate experiments. (C) The expression levels of EMR2 mRNA in breast cancer cell lines were determined by RT-PCR analysis. + indicates the RT samples; whereas -indicates the non-RT negative control. Data showed the RT-PCR results using EMR2-specific (upper panel) or GAPDH-specific primers (lower panel), which acts as an internal control. (D) Confocal microscopy of SKBR3 cells seeded onto glass coverslips. EMR2 was detected using 2A1 (red, top micrographs). Nuclei were labelled using DAPI (blue). Specificity was confirmed using an IgG1 isotype control (bottom micrographs). The bar represents 5 μm.
utilizing a semi-quantitative system, as previously reported (19) based on cytoplasmic and/or nuclear expression of chromogen intensity: 0, negative staining; 1, weak staining; 2, moderate staining; and 3, strong staining; with the proportion of cells staining also recorded for percentage as follows: 0, no cells staining positive for EMR2; 1, ≤10% cells staining positive; 2, 11-50% positive cells; 3, 51-80% positive cells; and 4, ≥80% positive cells.
Wide-field and confocal immunofluorescence. SKBR3 or MB468 cells were seeded onto glass coverslips. The medium was removed and the cells washed in PBS. The cells were fixed in 4% paraformaldehyde/PBS on ice for 20 min, quenched with 5% BSA/PBS and then permeabilised and blocked with 0.1% saponin/5% goat serum/1% BSA for 30 min. Paraffin embedded tissue microarrays were placed in a 60˚C oven for 20 min prior to dewaxing in Histoclear twice for 5 min and rehydration through graded alcohols. Primary Ab (2A1) was added at a concentration of 10 μg/ml for a further 90 min.
After washing the cells in PBS, a secondary goat anti-mouseCy3 conjugated F(ab') 2 Ab (Jackson) was added (5 μg/ml in blocking buffer) for a further 30 min. After washing in PBS, the coverslips were lifted and mounted onto glass slides using Vectashield (H-1000) anti-fade mounting medium. For nuclear staining, cells were incubated with DAPI (1 μg/ml in PBS) for 5 min, before mounting in Vectashield. Widefield fluorescent images were taken on an inverted Zeiss Axiovert 200 fluorescent microscope using a Plan-Apochrome 63X oil immersion lens and the following filters: s360/40, s457/50 for DAPI and s555/28, s617/73 for Cy-3. Analysis by confocal laser scanning microscopy was performed using LaserSharp software mounted on a 2000 MP BioRad™ microscope. Representative pictures of slides were collected, prior to being imported to Metamorph™ version 5.0 software for analysis.
Statistical analysis. The Chi-square test was used to test for independence of variables including categorised continuous variables. The log-rank test was used to test for differences in survival and Cox proportional hazard model for multivariate models of survival. All statistics were performed using the Stata package release 10.0 (Stata Corporation, TX, USA).
Results

EMR2 expression in breast cancer cell lines.
A number of breast cancer cell lines were evaluated for the presence of EMR2 by RT-PCR and FACS analysis. FACS analysis showed that two of five cell lines (MB468, and SK-BR3) highly expressed EMR2, while a third cell line, T47D, displayed a weak cell surface EMR2 staining (Fig. 1B) . In addition, the expression levels of EMR2 protein identified on FACS staining correlated well with the levels of EMR2-specific mRNA, as determined by RT-PCR (Fig. 1C) . In order to further confirm the FACS data and to provide an indication of the cellular location of EMR2 in breast cancer cells, fluorescence microscopy was performed on fixed, permeabilised SK-BR3 cells. Fluorescent microscopy demonstrated peripheral membrane and significant perinuclear (most likely endoplasmic reticulum) staining (Fig. 1D ) consistent with the location expected for a transmembrane receptor.
Pattern of EMR2 staining in normal breast and in situ and invasive breast carcinomas.
Tissue sections of normal breast tissues and tissue microarrays of in situ and invasive breast carcinomas were stained by standard immunohistochemistry. Confocal microscopy was also performed on tissue microarray sections to further validate the location of this staining. EMR2 was not seen in normal breast tissue epithelium, but was noted in resident macrophages ( Fig. 2A and B) . In contrast, EMR2 was strongly expressed in both the cytoplasm and in the nucleus of both the in situ (Fig. 2C-F) and invasive ( Fig. 3A-H ) neoplastic cells (Tables I and II) . The in situ breast cancers expressed EMR2, not only in neoplastic epithelial cells, but also in macrophages present within the ducts (Fig. 2F) .
Reassuringly, EMR2 was not expressed in a subset of invasive breast carcinoma (Fig. 3C and D, Tables III and Fig. 4) . In most EMR2 positive cases the expression was localised to the cell membrane and cytoplasm (Fig. 3A, B and E). However, in 90 cases (33%) the nucleus appeared to stain strongly ( Fig. 3F and G) , showing nucleolar exclusion on confocal microscopy to indicate specificity (Fig. 3 H) . In addition, the associated stromal inflammatory cell infiltrate (Fig. 3B-D) showed strong immunoreactivity for EMR2, indicating that tumour-associated macrophages expressed this antigen in significant quantities. Non-myeloid inflammatory cells, including plasma cells, did not express EMR2 (Fig. 3B inset) , consistent with previously published data showing that EMR2 expression is restricted to neutrophils, macrophages and dendritic cells. Table I . Correlation analyses between intensity of cytoplasmic EMR2 staining and clinicopathological parameters studied by tissue microarray in 69 patients with DCIS. Table II . Correlation analyses between intensity of nuclear EMR2 staining and clinicopathological parameters studied by tissue microarray in 69 patients with DCIS.
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EMR2 was significantly up-regulated in the cytoplasmic and nuclear compartments of both DCIS (p=0.015 and p<0.04, respectively) and invasive carcinoma (p=0.0003 and p<0.0002, respectively) compared with normal control and significantly higher in invasive compared with in situ diseases (p=0.007 and p<0.0001, respectively). There was no significant difference between expression of EMR2 in the nucleus or cytoplasm between conventional histological types or between intrinsic tumour phenotypes (all p>0.05).
Relationship between tumour EMR2 protein expression, clinicopathological parameters and patient survival. There was no significant positive correlation between cytoplasmic EMR2 expression in DCIS and tumour grade (p=0.32), patient age (p=0.34), ER expression (p=0.64), type of surgical treatment (p=0.35), relapse-free survival (p=0.16) or overall survival (p=0.83) ( Table I) . Nuclear EMR2 expression in DCIS showed no significant clinicopathological correlations either (Table II) . Cytoplasmic EMR2 expression in invasive breast carcinomas was associated with high tumour grade (p=0.06), but not with patient age (p=0.95), nodal status (p=0.20), tumour size (p=0.28), ER status (p=0.45), relapse-free (p=0.73) or overall survival (p=0.57) (Table III and Fig. 4A ). Nuclear EMR2 expression was significantly inversely correlated with tumour size (p=0.03), but not with patient age (p=0.63), nodal status (p=0.21), tumour grade (p=0.12) or ER status (p=0.15) (Table IV) . Nuclear EMR2 staining was positively associated with longer relapse-free (p=0.08) and overall survival (p=0.01) (Fig. 4B) . A multivariate statistic analysis of nuclear and cytoplasmic EMR2 expression did not confered any independent prognostic information, either for relapse-free or overall survival (data not shown).
Discussion
A role for leukocyte GPCRs in the development and progression of cancers has been well established (20) . For example, the chemokine receptors CXCR4 and CCR7 can induce chemotactic and invasive responses in breast cancer cells by mediating actin polymerisation and pseudopodia formation (21) . This receptor modulation may be at least partially responsible for organ-specific metastasis in cancer progression, where cancer cells expressing chemokine receptors are able to respond to chemokine gradients in target organs. However, the chemokine receptors are not likely to be the only cell surface molecules involved in modulating chemotaxis, invasiveness or metastasis in malignancy. In fact, in recent years another large family of 7TM receptors, the adhesion GPCRs have been shown to modulate invasive characteristics in human cancer (12) . It is the identification of new molecules, such as these, which may improve the understanding of the aetiology, pathogenesis, treatment and prevention of human cancer.
In this study, we report the novel observation that EMR2, a normally leukocyte-restricted adhesion GPCR, is present in certain breast cancer cell lines as well as in normal and neoplastic breast tissue. We demonstrate an increase in EMR2 expression during the transition from normal, to in situ and invasive carcinomas and note that cytoplasmic expression correlates with pathological grade in invasive carcinoma, suggesting that EMR2 may play an important biological role in the evolution of breast carcinogenesis. Data in our ONCOLOGY REPORTS 25: 619-627, 2011 Table III. Correlation analyses between intensity of cytoplasmic EMR2 staining and clinicopathological parameters studied by tissue microarray in 272 patients with invasive breast carcinoma. laboratory indicate that cross-linking EMR2 with monoclonal antibody on the cell surface of leukocytes, or overexpressing EMR2 in cell lines, results in cellular activation and an enhanced migration index in response to certain chemotactic ligands (4) . One of the ligands for EMR2 is chondroitin sulphate (15) , a glycosaminoglycan present in large quantities in the peritumoural stroma of breast (22) . Thus, we hypothesize that breast cancer cells of high grade are able to acquire membrane or cytoplasmic EMR2 and undergo metabolic 'activation' by binding to the high levels of ligand in the surrounding tissue, resulting in cellular migration. Careful examination of the pattern of immunohistological staining of EMR2 and its corresponding chondroitin sulphate ligand in whole frozen section tissue sections (15) needs to be evaluated in this regard. In addition to the cytoplasmic expression of EMR2, the 'aberrant' expression of EMR2 in the nucleus was found to be a protective variable in relation to overall patient survival, suggesting that EMR2 might play a role in breast epithelial malignancy. Nuclear expression of many GPCRs is a well known, although poorly understood phenomenon, which has been proposed to be essential for many physiological cellular processes including gene transcription and cell proliferation (23) . In this respect, intracellular signaling is thought to occur following endocytosis and nuclear translocation of peripherally ligated GPCRs; or following the activation of nuclear located GPCRs by endogenously produced non-secreted ligands (24) . Nuclear localization has been documented in many GPCRs including the PTH receptor (25) , a class B GPCR with 7TM sequence similarities to EMR2.
In addition, nuclear localization of CXCR4 (an unrelated GPCR) has been reported in a number of human cancers including hepatocellular carcinoma (26) , non-small cell carcinoma of the lung (27) , colorectal carcinoma (28) and nasopharyngeal carcinoma (29) . Thus, EMR2 is a new example of GPCR expressed in the nucleus of cancer cells. The underlying mechanism resulting in targeting of a membrane receptor to the nucleus is a subject of debate, but may be attributed to a nuclear localization sequence (NLS), which has been clearly identified in some GPCRs in the eighth helix or third intracellular loops (30) . Although EMR2 has no such identifiable sequence, other unidentified sequence motifs might still promote nuclear importation of proteins (31) . A possible additional mechanism involves association of the receptor with a carrier protein containing an NLS, such as is the case with the PTH receptor where the NLS might be provided by its ligand (PTHrP) (23) . Clearly, this phenomenon demonstrated by EMR2 requires further in depth investigation.
Finally, we noted that membrane localized EMR2 was also expressed in high quantites by tumour-associated macrophages, inflammatory cells known to play a crucial part in neoplasia, by producing substances that promote tumour growth, cell survival, angiogenesis and invasiveness (32) . This raises the possibility that EMR2, such as soluble CD97 (6), might have a similar function in breast cancer, whereby tumour cells and/or tumour-associated macrophages cleave EMR2 from their cell membranes into the extracellular milleau, thereby modulating new vessel formation and therefore ultimate tumour behaviour.
We identified EMR2, a leukocyte-restricted adhesion-GPCR, in a number of breast cancer cell lines and in normal and neoplastic breast tissue. In addition, we show that there is strong expression of EMR2 in inflammatory cells as part of the surrounding stromal reaction. Strong cytoplasmic EMR2 expression appeared more prevalent in higher grade invasive and non-invasive tumours. Of note, strong nuclear staining of EMR2 showed an inverse pattern in invasive disease, being more prevalent in lower grade tumours, where it appeared to be a biomarker of improved patient survival. Table IV . Correlation analyses between intensity of nuclear EMR2 staining and clinicopathological parameters studied by tissue microarray in 268 patients with invasive breast carcinoma.
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